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ABSTRACT
Sustainable practices and strategies in the construction industry are increasingly
encouraged because of their environmental, economic and social benefits. However, the
cost of their implementation can be minimized only if they are planned for during the
initial phases of the project. Hence, engineering tools that allow the stakeholders in a
construction project to assess and analyze the impact of their decisions on the project in
terms of sustainability are needed to advance sustainable practices.
The goal of this study is to investigate a selected decision making problem and
identify the leverage points in the decision process for making environmentally,
economically and socially sustainable choices. Multi-Attribute Utility Theory is the
framework used to analyze the decision making process in selecting the heating, cooling
and air condition system of a new sustainable building. The elements of the decision
problem including the attributes and alternatives are identified based on the current
literature and project specifications, respectively. Social sustainability indicators are
shown to have a higher potential than the other indicators in promoting sustainability.
Future research will investigate the application of these results to decision making
problems in more complex systems of decisions with interacting attributes.
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CHAPTER ONE: INTRODUCTION
The built environment offers an opportunity for enacting sustainable practices and
improvements. Sustainable practices are those that promote sustainability and contribute
to sustainable development. These practices can be identified and executed more
thoroughly through a well-defined decision making framework. This study investigates
previous research on various decision making methods and their applications, specifically
focusing on Multi-Attribute Utility Theory as a potential technique in the construction of
a sustainable infrastructure. The application of this method is examined using a case
study.
1.1. Context
Sustainability has attracted much attention recently because of its potential for
solving current global environmental, economic and social problems. Sustainable
development is: ―development that meets the needs of the present without compromising
the ability of future generations to meet their own needs‖ (Brundtland, 1987). It suggests
that development can advance in such a way that it can be sustained for the long-term
without negatively impacting the planet. These practices provide for future generations
by integrating environmental, economic and social considerations (Mihelcic et al., 2003).
Much legislation has attempted to address this issue in recent years. For example
the American Clean Energy and Security Act of 2009 mandates a reduction of carbon
emissions of 17% by 2020, of 42% by 2030 and of 83% by 2050, with 2005 serving as
the baseline. Moreover, it proposes a cap-and-trade system for Greenhouse Gases (GHG)
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putting a limit on the total amount of CO2 that can be emitted nationally. In addition, this
bill mandates that 6% of energy must come from renewable sources by 2012, increasing
to 20% by 2020. The more recent American Recovery and Reinvestment Act of 2009
allocates $16.8 billion to support energy efficiency and the use of renewable resources
(Petersen, 2009).
The national civil infrastructure systems (CIS) especially the built environment
offer an effective opportunity for achieving these goals. Currently, buildings account for
40% of energy use and carbon dioxide emissions and 70% of the electricity consumption.
Buildings are also responsible for 12% of water use, 40% of material flow, and
approximately 60% of total non-industrial waste generated in the US (EPA, 2009).
Infrastructure systems also have a significant impact on the environment, with the
transportation sector accounting for 29% and industry for 30% of energy use and carbon
dioxide emissions in the US (Newell, 2010).
In addition to environmental and economic sustainability, both important
components of sustainable development, it is essential to consider the social dimension as
well. The participants at the 1992 Earth Summit in Rio de Janeiro reached a consensus on
the necessity of implementing the three dimensions of sustainability simultaneously,
accepting the impossibility of resolving issues associated with one of the three aspects
without considering the other two (Keating, 1993). In fact, for the world’s population to
meet their needs, an ecologically safe and sustainable environment is not adequate;
society’s engagement in sustainability is complete only when its social and cultural
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requirements are satisfied as well. These social and cultural resources are assets that need
to be preserved for future generations (Litting and Grießler, 2005). According to Hodge
and Hardi (1997), social and environmental sustainability are equally crucial; the
preservation of one should not happen at the expense of the other.
Sustainability, a necessity, can be seen as the relationship between social and
ecological systems, designed so that the balance of the entire system remains undisturbed
(Brandl, 2002). For these reasons, civil infrastructure systems integrating environmental
and socio-economic sustainability, especially buildings with reduced life-cycle
environmental impacts, optimized life-cycle costs, and a sustainable performance at the
societal level are of high interest.
One method for evaluating and promoting sustainable practices in infrastructure
construction is the application of such rating systems as Leadership in Energy and
Environmental Design (LEED), Green Globes, and Whole Building Design Guide
(WBDG). Other rating systems such as Green Roads; Sustainability Tracking,
Assessment & Rating System (STARS), a framework developed by the Association for
the Advancement of Sustainability in Higher Education (AASHE) to help colleges and
universities progress toward sustainability; and Green Scorecard, a sustainability
infrastructure rating system under development using the project sustainability
management approach of the International Federation of Consulting Engineers (FIDIC),
have been created to serve as guidelines for sustainable project implementation. These
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rating tools help developers integrate sustainability in civil infrastructure projects by
providing them with sustainability indicators and implementation methods.
However, implementation of these rating systems does not always produce the
results intended, LEED being a good example. Since its introduction by the United States
Green Building Council in 1999, it has been considered a standard for improving the
performance of commercial buildings in terms of environmental and economic
sustainability. However, LEED is most beneficial when used in projects compatible with
its suggested design guidelines. Since its implementation, numerous projects have
employed it, many of which were not commercial buildings. Thus, opportunities to make
a project into a more sustainable one are missed since they do not fall into any of the
categories identified by LEED Gangnes, 2002). These categories include New
Construction (NC), Existing Buildings: Operations & Maintenance (EB: O&M),
Commercial Interiors (CI), Core & Shell (CS), Schools (SCH), Retail, Healthcare (HC),
Homes, and Neighborhood Development (ND) (USGBC, 2011). For example some
commercial buildings have a data center that accounts for a significant share of energy
consumption and subsequently CO2 emissions in the building. However, according to
LEED guidelines the largest potential in reducing the energy and emissions relate to the
energy efficiency of the HVAC system which is not the case in data centers.
A second problem in incorporating sustainable practices in construction projects
using the LEED rating system is the method used to categorize projects. At the planning
stage, a project is either assessed to have or not to have the potential to obtain the
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minimum points necessary to achieve LEED certification. In the latter case, frequently
green design is eliminated from the project completely. As a result, many-easy-to achieve
sustainable solutions are omitted from the project. In addition, this method prevents the
designers from creating innovative solutions as they normally do not fall within the range
of guidelines recommended by LEED (Gangnes, 2002). For instance, project designers
may decide to use materials that gain LEED points although they might not be suitable
for the climate.
As this discussion suggests, there is a need for other techniques in addition to
rating systems such as LEED to advance sustainable practices in construction projects,
specifically techniques that are more project-specific and can provide assessments outside
the categories identified by such rating systems. One effective method for enhancing lifelong sustainability in civil infrastructure projects is assessing the end sustainability of an
infrastructure by applying Decision Support Systems throughout the project particularly
during the planning and design phases. In sustainable projects, similar to all construction
projects, as the project moves forward, the cost of making changes increases while at the
same time the potential for influencing the project decreases. Hence, decisions made at
the pre-project planning and design phases for a sustainable civil infrastructure affect the
final sustainability of the project significantly as is illustrated in Figure 1.1 (Pre-project
Planning Handbook, April 1995). Thus, decision making tools are needed that forecast a
project’s sustainability performance based on early-phase decisions.
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Figure 1.1: Decision Impact and Cost of Making Changes vs Time in Construction
Projects
Efforts to improve the decision making process at the initial phases of a
construction project require decision making tools to enable stakeholders, especially the
designers, to assess their decisions in terms of sustainability. Such a decision making
procedure allows them to identify the points of highest impact, where it is most
influential and least expensive to make desirable changes to a system, in the
implementation of sustainable practices in construction projects.
These techniques help decision makers in selecting the optimal solution among
alternatives. One of these methods, Multi-Attribute Utility Theory (MAUT), has
previously been applied in engineering decision making, especially in environmental
engineering, with the goal of quantifying and estimating the ecological footprint of
design alternatives on the environment (Kiker et al., 2005). Because of the ability of this
method to take into account the uncertainties involved, MAUT has been a useful
engineering tool since its introduction in 1960 (Gass, 2005). However, research on its use
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primarily focuses on the environmental dimension of sustainability, with the objective in
most cases involving identification of the optimal solution based on those considerations
only (Huang et al., 1995). The other aspect taken into account by the decision tools used
in civil infrastructure and construction projects tends to consider the economic side of
sustainability. Social sustainability has received little or no attention, and currently few
projects integrate the three dimensions into their decision making process.
1.2. Research Objectives
To address this issue, this study applies MAUT to sustainability-related decisions
at the pre-project planning and design phases of construction projects, including the
environmental, economic and social aspects of sustainability at the same time in the
decision problem and also identifying the higher impact points on end sustainability
values. Specifically the objectives of this research are to:
 Conduct a literature review on decision making methods, focusing on the MultiAttribute Utility Theory.
 Select an appropriate case study involving a construction project appropriate for
the application of MAUT. The case study selected for this case is the Lee Hall
Expansion and Renovation Project which adds space and restores the current
building housing, the School of Architecture at Clemson University.
 Select an appropriate, high impact decision problem in the case study,
specifically the Heating, Cooling and Air Conditioning System for the project.
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 Investigate this decision problem using two approaches. The first includes a
subjective solution by the designers based on the owner’s requirements, their past
experience, and data specific to the project. In the second approach MAUT is
applied as a decision analysis tool.
 Analyze the results from both approaches to identify the impact points that
created differences between the two sets of results.
 Suggest recommendations and potential future research based on this analysis.
Chapter Two provides the background information obtained by reviewing the
current literature, while Chapter Three details the method applied to conduct this study,
including the selection of the decision making technique, the case study and the decision
problem. Chapter Four reports the results obtained by having the decision makers solve
the decision problem subjectively and by applying the MAUT structure, while Chapter
Five analyzes these results. Chapter Six includes conclusions, implications and future
research.
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CHAPTER TWO: LITERATURE REVIEW
This review begins by exploring decision making and its history, and then
continues with an analysis of multi-criteria decision making methods, specifically
focusing on two main categories: outranking family and multi-attribute utility theory. It
extends the background on the latter by providing information on decision analysis and
expected utility. Finally applications of this theory are discussed. Figure 2.1 shows the
framework for the literature review presented.

Figure 2.1: Literature Review Framework
2.1. Decision Making
Decision making study is a process that helps decision makers choose the optimal
alternatives that accommodate their objectives, preferences and values from a set of
choice options. This analysis includes methods applied when the unsystematic use of
common sense is not possible due to the complexity of the problem (Keeney, 1982).
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The theory of decision making as a multi-step process originates with Nicolas de
Condorcet, who divided this process into three stages (1793). The first step includes
determining the axioms and laws applicable to the decision, while in the second the
decision problem is explained and the alternatives are identified. The third stage results in
the selection from among the alternatives. His approach to systematic decision making
was researched and modified by many theoreticians in different disciplines. However, it
was not until the 20th century when more attention became focused on decision making as
an area of research. In 1910, John Dewey suggested five consecutive stages of problemsolving. In 1960, Herbert Simon adapted Dewey’s process of decision making for
organizations, arguing that it consists of three sequential stages: intelligence, design and
choice. Mintzberg, Raisinghani and Theoret (1976) modified Simon’s model, arguing
that a decision does not necessarily require a sequential relationship between its phases
(Hansson, 2005).
According to Baker et al. (2001), a general decision making process is divided in the
following steps:
1. Defining the problem
2. Determining the requirements
3. Establishing the requirements
4. Identifying alternatives
5. Defining the criteria
6. Selecting a decision making tool
7. Evaluating the alternatives against the criteria
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8. Validating the alternate solutions against the problem statement
2.2. Decision Theory
In this section, decision theory, the theory resulted from a methodical approach to
decision making, is described. In addition, the background and elements of this theory are
explained.
2.2.1. Background
Decision theory is developed from decision making and the logical processes used
to arrive at a decision. Modern decision theory developed during the middle of the 20th
century through contributions from several academic disciplines, specifically statistics,
economics, and psychology and the other social sciences. One of the most influential
theories in this area proposed in 1944 by John von Neumann and Oskar Morgenstern was
game theory, which explained the decision making involved in economics and its
mathematical foundation. In their theory, Neumann and Morgenstern assumed decision
makers to be rational and consistent. In 1951, Kenneth Arrow introduced the
Impossibility Theorem, explaining that no rules exist for social decision making that
fulfills all the requirements of society. In the late 1960’s, Edmund Learned, C. Roland
Christensen, Kenneth Andrews and others developed the Strengths, Weaknesses,
Opportunities, and Threats (SWOT) model of analysis, useful for making decisions for
complex circumstances in a limited time frame. In 1968, Howard Raiffa’s Decision
Analysis explained many fundamental decision making techniques, including decision
trees and the expected value of sample information. Later, in 1973, Henry Mintzberg
described several kinds of decision makers and decision making positions within the
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context of managerial work. In 1979, Amos Tversky and Daniel Kaheman developed
their Prospect Theory demonstrating how the rational model of economics fails to
describe how people arrive at decisions when facing the uncertainties of real life. A
decade later, in 1989, Howard Dresner introduced ―business intelligence‖ to describe the
set of methods supporting the sophisticated analytical decision making needed to improve
business performance. Malcolm Gladwell introduced one of the approaches in this area in
2005, arguing in Blink that instantaneous decisions are sometimes better than those based
on lengthy rational analysis (Buchanan and O’connell, 2006).

Figure 2.2: Decision Theory Timeline
2.2.2. Normative versus Descriptive Approach
Decision theory distinguishes between normative and descriptive behavior. In
principle, a normative decision theory is concerned with how decisions should be made,
focusing on the decision made under ideal situations by a rational decision maker having
completely accurate information. Descriptive decision theory, on the other hand, analyzes
how decisions in the real world are made. These two approaches are closely linked as
they both analyze human behavior to improve the decisions made (Hansson, 2005).
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2.2.3. Elements of a Decision: The Standard Representation of Individual Decisions
Each decision problem regardless of the method used to solve it consists of four
basic elements:
1. Alternatives
2. Criteria
3. States of nature
4. Outcomes/consequences.
Alternatives are a set of possible actions from which the decision maker can
choose, while criteria are the aggregates against which these alternatives are compared. If
a decision problem has a single criterion and the decision is made by identifying the
alternative that has the best value of a single aggregate, it exemplifies the classic
optimization problem. Depending on the form of the optimization problem, different
techniques such as linear programming, nonlinear programming and discrete
optimization, etc are applied to solve it (Nemhaser et al., 1989). For example to select the
appropriate insulation material, various materials are the alternatives and their cost is the
decision criterion needing to be minimized.
Multiple criteria optimization techniques are applied in two cases: when the
number of criteria is finite but the number of the feasible alternatives is infinite or when
the number of the feasible alternatives is finite but they are expressed in an implicit form
(Steuer, 1986). The number of alternatives in a decision problem is of importance
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because it determines the method used to solve the problem in addition to impacting the
viable answers.
Each decision is made under the influence of certain circumstances and basic
laws. These governing laws and circumstances are referred to as the state of the nature.
These states of nature are usually factors outside the control of the decision maker. If the
decision maker knows which state of nature to consider, then the decision is made under
―certainty,‖ meaning that the decision maker has deterministic knowledge about the state
of nature (Lindgren, 1971).
Frequently the state of the nature is not known and non-certainty is involved in
the problem. Non-certainty is usually divided in three categories: risk, uncertainty and
ignorance. Frank Knight (1921) distinguished between risk, in which an outcome’s
probability is known and consequently taken into account and uncertainty, in which an
outcome’s probability is not known. Knight proposed the term risk for ―a quantity
susceptible of measurement‖ and uncertainty for ―something distinctly not of this
character‖.
Luce and Raiffa (1957) provided similar definitions for certainty, risk and
uncertainty. According to them, decision making is considered under certainty if ―each
action is known to lead invariably to a specific outcome.‖ In decision making under risk
―each action leads to one of a set of possible specific outcomes, each outcome occurring
with a known probability. The probabilities are assumed to be known to the decision
maker.‖ However, we are deciding under uncertainty if ―either action or both has as its
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consequence a set of possible specific outcomes, but where the probabilities of these
outcomes are completely unknown or not even meaningful.‖
Another non-certainty referred by Luce and Raiffa is ignorance. In decision
making under uncertainty the decision maker although not fully aware of the probabilities
has some partial knowledge of them, the range of changes for these probabilities is
known. However, when deciding under ignorance even partial knowledge about the
probabilities involved is not available. Hence, we can compare the states of nature
explained as follows:
 Certainty: deterministic knowledge
 Uncertainty: Complete/partial probabilistic knowledge
 Ignorance: No probabilistic knowledge
Outcomes/Consequences of a decision are the results the decision maker
encounters when taking a given action in the face of a given set of circumstances
(Hansson, 2005). For example for a decision problem involving choosing between
entering the job market or going to graduate school, the probability of getting admitted to
a certain university or of finding a job at a company are the states of nature whereas the
career path of each option is the outcome in this decision problem.
2.3. Multi-attribute Decision Making Methods (MCDM)
Multi-attribute decision making methods are a set of decision making methods
that consider more than one criterion in their process of assessing the decision problem
alternatives in search of the optimal one. Like in any other decision making method, the
decision problem consists of the four components explained previously. As Figure 2.3
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shows, a multi-attribute decision problem is composed of m criteria and n alternatives,

C1 ,..., Cm denoting the criteria and A1 ,..., An the alternatives. As seen in the matrix, each
element a ij indicates the performance of alternative A j against criterion Ci . The weight

wi reflects the relative importance of the criteria Ci to the decision. In addition, the
values x1 ,..., xn associated with alternatives are the final output of the decision making
methods, indicating their final ranking. The goal of all MCDM methods is to determine
these values.
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Figure 2.3: Multi-attribute Decision Making Matrix
Multi-attribute decision making methods (MCDM) are divided into two main
families: Outranking methods and Multi-attribute utility Theory (MAUT).
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Outranking, first proposed by Roy (1968) includes the Elimination Et Choix
Traduisant la REalité i.e. the Elimination and Choice Expressing Reality (ELECTRE),
and the Preference Ranking Organization METHod for Enrichment Evaluation
(PROMETHE). Using outranking methods, criterion Ai outranks A j if for most of the
criteria, the former performs at least as good as the latter referred to as the condordance
condition, while its worse performance is still acceptable for the other criteria called the
non-discordonance criteria.
The family of MAUT methods includes aggregating the different criteria into a
function, which has to be maximized (Keeney and Raiffa, 1976). The next section
explains this family of MCDM methods in more details.
2.4. Multi-Attribute Utility Theory
In this section MAUT, its background, fundamentals and applications are
discussed.
2.4.1. History
For real-world problems, the decision maker frequently has to consider multiple
objectives, long-term consequences, various stakeholders and impacted groups, risk and
uncertainty and interdisciplinary knowledge (Keeney, 1982). When uncertainty is
involved, the most frequently used approach to decision making is expected utility (EU).
Daniel Bernoulli (1738) suggested a solution for the St. Petersburg Paradox,
proposing a logarithmic utility function to solve it. His solution is the earliest application
of utility theory (Stearns, 2000). Ramsey (1931) extended this theory, integrating the two
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concepts of subjective probability and utility which form the basis of the theory. De
Finetti and Savage furthered the theory by extending the structure of subjective
probability. However, it was not until later that the modern utility theory for decision
making under uncertainty was developed by von Neumann and Morgenstern (1944)
referred to as the expected utility hypothesis. They suggested a set of axioms, arguing
how a utility is assigned to each alternative and that the decision maker should
normatively choose the one with the highest expected utility to conform to the axioms
(Keeney, 1982).
More recently 1979, Tversky and Kahneman added a behavioral side to this
decision analysis theory in their prospect theory. They identified biases that individuals
unconsciously involve in their judgments when evaluating decision alternatives (Tversky
and Kahnemann, 1974). In their study, they discuss a bias called the certainty effect in
which people tend to underestimate probable results compared with the ones obtained
without uncertainty. This effect can impact people’s behavioral patterns in decision
making when they face risk (Tversky and Kahnemann, 1979).
2.4.2. Applications
Since its inception, MAUT has been applied to many real world decisions
involving uncertainty, the early applications of decision analysis being in the oil and gas
industry (Grayson, 1960). Although most of the decision analysis in the 1960’s were
restricted to capital investment, by 1970’s its applications had expanded to other fields
including decisions on medical problems, energy problems, environmental alternatives
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and budget allocation for project engineering. Specific examples include the control
strategies developed by North and Merkhofer (1976), and the evaluation of regional
environmental systems developed by Seo and Sakawa (1979). In the 1980’s, more
emphasis was put on the application of decision analysis to energy problems, including
the commercialization of solar photovoltaic systems (Keeney, 1982), selection of a
portfolio of solar energy projects (Golab, Kirkwood and Sicherman, 1981) and the siting
of energy facilities (Keeney and Sarin, 1980). By 1990’s this theory was being applied to
more ecologically conscious decisions. Mitigating the environmental effects of the
decisions made and addressing public risks such as global warming also became
objectives, exhibiting an impact on the expected utility. This method was applied to the
BC Hydro electric utility case, the decisions made contributing to the strategic objectives
of the organization (Keeney and McDaniels, 1992). In addition decision analysis has been
applied to identify a multi-attribute index for evaluating impacts of electric utilities
(McDaniels, 1995).
In recent years, utility theory has been used in its classic role of developing a
multi-attribute value model to solve optimal maintenance and age replacement problems
(Jiang and Ji, 2002). Moreover, it has helped develop durable sustainable approaches that
assess the environmental and social aspects of a decision rather than focusing only on the
economic perspective (Pereira and Quintana, 2002). It has also been compared with other
MCDM methods with the goal of determining the appropriate analysis technique for
renewable decision planning (Polatidis et al., 2006) and as a base in sustainability
assessment tools (Gasparatos, 2010).
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2.4.3. Fundamentals of the Theory
In MAUT the performance of alternatives are indicated using a measure called
utility. This theory is based on the axiom that a rational decision maker normatively opts
for the alternative that has the highest utility. Similar to other MCDM methods, utility
theory methodology consists of four principal steps:
1. Structuring the decision problem by specifying the objectives and the attributes
needed to be measured.
2. Generating alternatives and assessing their consequences in terms of the
attributes identified.
3. Determining the preferences of the decision maker(s)
4. Evaluating and comparing the alternatives.
The figure below gives a schematic representation of the steps of decision analysis
(Keeney, 1982).
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Figure 2.4: Schematic Representation of the Steps of Decision Analysis
Adapted from Keeney, 1982
In multi-attribute utility theory, the decision maker tries to determine the set of
consequences from each alternative and the probabilities for each occurring. This process
is usually not easy because of the uncertainties involved.
In determining the values for decision makers, MAUT theory accounts for their
preferences in the form of a utility function defined over the set of attributes identified. In
most cases it is impossible to achieve the best level for all the objectives in a decision
problem. In other words, the decision makers decide how willing they are to compromise
on one objective to improve another. This approach, called value tradeoff, includes the
decision maker considering the tradeoffs he is willing to accept concerning his
preferences or values (Keeney, 1982). The utility value is then determined for single
attribute utility functions (SUF), meaning the desirability of each alternative for each
objective is evaluated. These functions are usually plotted either as lines or exponential
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curves, associating the least desirable alternative to the least utility which is 0 and the
most preferred option to the utility of 1.
The formula for a linear SUF is:

U ( x)  a  bx ,

(1)

where a and b are computed scaling constants and x is a level for the attribute.
An exponential SUF formula defines a smooth curve through three points – the
least preferred level, the most preferred level and the mid-preference level. The formula
is:

U ( x)  a  b  exp(cx) ,

(2)

Where a, b, and c are computed scaling constants and exp the exponential function
raising the mathematical constant e (2.718...) to the power -cx.
The utility corresponding to two selected consequences is set to specify the
constants a and b similar to defining a temperature scale by choosing the boiling and
freezing points. To determine the value for the constant c, the decision maker identifies a
lottery and a consequence for which he is indifferent. For example, if the decision maker
is indifferent between a determined consequence x3 and a lottery that results in obtaining

x1 or x2 with the probability 0.5 for each, then:
U ( x3 )  0.5U ( x1 )  0.5U ( x2 ) ,

(3)

Substituting (2) into (3) with a and b set gives the value for the constant c (Keeney,
1982).
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The ultimate utility value for each alternative is determined when the single utility
functions for each attribute is combined to form a utility value for an alternative over the
entire sets of attributes. If the requirements of mutual preferential independence among
the attributes are fulfilled, then the use of an additive utility function is possible
(Ballestero and Romero, 1998). Two attributes are said to be mutually preferential
independent if the utility of the value for one attribute is not dependent on the value of
the other. If this condition holds for every two attributes in the decision problem, then
the mutual preferential independence requirement is fulfilled and application of the
additive formula is possible. In this case there are no interactions between the
attributes/objectives assessed at the same level and the multi-attribute utilities are called
multi-attribute values, meaning the additive formula is a simple weighted average of the
utilities of the objectives (Ballestero and Romero, 1998):

U o ( x)  k1U ( x1 )  k2U 2 ( x2 )  ...  knU n ( xn ),

(4)

Where

U o ( x)  the utility of alternative x for the objective o,
U i ( xi )  the utility of x for the ith objective, and

ki  the constant k for the ith objective.
The additive formula requires that the k, scaling constants, sum to 1.0 which
represent the weights of the objectives.
The second MUF formula is the multiplicative formula which is used when the
objectives interact. This formula requires an additional scaling constant called K, which
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indicates the degree of interactions among the objectives. The multiplicative MUF
formula can be written as follows:

U 0 ( x)  [(1  Kk1U1 ( x1 ))  (1  Kk2U 2 ( x2 ))  ...  (1  KknU n ( xn )) 1] / K ,

(5)

Where

U ( x)  the Utility of Alternative x for objective o,
K  the constant K for o,

ki  the constant k for member i of o, and

U i ( xi )  the utility of alternative x for member i k
The multiplicative MUF formula includes three limits: If K equals 0.0, it becomes the
additive

formula;

if

K

equals

-1.0,

the

result

becomes

U g ( x)  (1  U1 ( x1 ))  (1  U 2 ( x2 ))  ...  (1  U n ( xn ))  1 , which equals 1.0 if U i ( xi )  1.0

for any I; as K increases, the result becomes U g ( x)  U1 ( x1 ) U 2 ( x2 )  ... U n ( xn ) , which
equals 0.0 if U i ( xi ) equals 0.0 for any i. This formula (5) is a result of the Product of
Utilities interaction method. Intermediate values of K have intermediate degrees of
interaction. If K is less than 0.0, a high utility on an individual member can result in a
high objective utility (constructive interaction), while a K greater than 0.0 indicates that a
low utility on an individual member can result in a low objective utility (destructive
interaction) (Belton & Stewart, 2002; Lindley, 1971).
2.5. Application to Sustainable Decision problems
Sustainable development, an international priority since 1987, has received much
attention in industry, education and research (Jeon and Amekudzi, 2005) and has been
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widely accepted by different disciplines. However, the primary obstacle in its
implementation is forming operational models based on the principles.
To achieve this objective, research developing a framework for assessing and
improving the sustainability of infrastructure systems is required. Identifying the
indicators and criteria that impact the environmental, economic and social aspects of
sustainability and considering them at the decision-making and early planning phases are
two of the steps to be taken (Sahely et al., 2005). The objective of the study is to apply
decision theory, specifically the MAUT method, to develop a framework for quantifying
the criteria and indicators for assessing the sustainability of infrastructure systems.
Sustainable development planning is a holistic approach to which the field of
engineering can contribute by offering methodologies for rational decision making in
situations involving uncertainty. In the engineering literature, sustainability is considered
a multi-objective optimization problem, meaning various objectives, many times
conflicting, need to be taken into consideration (Sahely et al., 2005). These conflicting
factors include financial vs. technical objectives and short-term vs. long-term ones
(Vanier, 2001).
A sustainability decision problem can be described as a multi-criteria decision
problem consisting of the following components:
1. Selecting the various environmental, economic and social objectives that
should be achieved in order to have a more sustainable end result.
2. Identifying the criteria that can assess and measure the degree to which those
objectives are achieved.
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3. Solving the decision problem by optimizing those criteria against the objective.
In addressing the conflicting goals of the optimization problem, a well-defined
system and the application of a systems approach in solving the objective function
play critical roles (Sahely et al., 2005).
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CHAPTER THREE: RESEARCH METHODS
This study uses an explanatory case study as the research approach, employing
two methods to solve a decision problem. These two methods are subjective opinions
from the stakeholders involved in the project and the multi-utility attribute theory
method.
3.1. Research Approach
This research is conducted using an explanatory case study, an approach applied
when the investigator examines the relationship between two or more variables in the
case (Tellis, 1997). This approach was chosen to allow this research to investigate
multivariate conditions present in real-world cases, as opposed to isolated variables (Yin,
2003). Since this study compares the normative and descriptive process of decision
making for sustainable choices in construction projects, it aims to identify all potential
variables and how they impact the result. While case studies typically include strategies
such as interviews, questionnaires, and archive information (Eisenhardt, 1989), this one
uses interviews, project information and a decision modeling software.
3.2. Choice of the Case Study: Lee Hall Expansion and Renovation
The first step of the methodology was to identify the case and its decision
problem. The Lee Hall expansion project was selected for this study since it is targeted to
achieve at least a LEED Silver Rating and be a net-zero energy ready building.
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History and General Information

The case under study in this research is Lee III, an addition to Lee Hall, the
College of Architecture Building at Clemson University. Lee Hall was designed by
Harlan McClure, the first Dean of the College of Architecture at Clemson, and built in
under his guidance from 1957 to 1958. At the time, Lee was one of the two buildings
forming the Structural Science Complex. After the additions to the original building in
the 1970’s and 1990’s (Lee II), Lee Hall was nominated by the South Carolina
Department of Archives and History for inclusion in the National Register of Historic
Places. The original building, Lee I, is the first good example of modern architecture of
the International Style in South Carolina (Hiott and Bainbridge, 2010).

The Lee Hall Complex (Lee I and II) currently houses the 12 degree programs in
the four departments of Art, Architecture, Construction and Management, and Planning
and Landscape Architecture. The structure provides the educational environment for 950
students and more than 100 faculty and staff. However, overcrowded conditions in
classrooms, studios and offices, partially due to the growth in the programs, called for an
increase in space and improvement in the structure. As a response to this demand, the Lee
Hall Restoration, Renovation and Addition Project began in 2010. This project involves
the renovation and improvement of the existing 114,000 square foot structure (Lee I and
II), and addition of Lee III with approximately 55,000 square feet of ground surface. The
budget allocated for this project is $31 million. The project began in Summer 2010 and is
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scheduled to be completed by Winter 2011 for occupation by to Spring 2012 (Borick,
2010; Pazdan-Smith Group Architects &Thomas Phifer and Partners, 2009)

3.2.1. The Case Study Stakeholders
As this project is the construction and restoration of an academic building at
Clemson University, the stakeholders involved include Clemson University; the owner,
the Clemson Facilities; the representative of the owner, the designers, Lee Hall students
and faculty.
3.2.2. Suitability of This Case
The Lee Hall Expansion and Renovation project was specifically selected because
it meets the following considerations needed for application of MAUT:
 It is a good example of a construction/restoration project incorporating multiple
sustainability considerations. Considering several sustainability considerations in
the design phase will probably raise the project to standards higher than LEED
Silver Certification. Radiant floors, mechanical/lighting controls, natural
ventilation systems, circular operable roof monitors interlocked with the
mechanical systems, storm water detention for irrigation use and green roofing
systems are some of the sustainable features considered in this case.
 Lee III is designed to be a net-zero energy ready building. In addition to the
measures intended to minimize the energy consumption of the building, it is
designed to be ready for photovoltaic addition making it a net-zero energy
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building, one that generates as much energy as it consumes (Pazdan-Smith Group
Architects &Thomas Phifer and Partners, 2009)
 Most of the sustainability considerations are highly visible so that they can
function as teaching tools for architecture students. According to John Jacques,
one of the designers and an emeritus faculty in the College of Architecture at
Clemson University, Lee Hall III is called ―a building that teaches‖ (Jacques,
n.d.).
3.3. Choice of the Decision Problem: The Heating, Cooling and Air Conditioning
System
The HVAC system selection, a high impact decision, was chosen as the decision
problem since it affects the environmental, economic and social indicators of
sustainability. The Heating, cooling and air conditioning system is one of the systems in
a building related to several sustainability attributes. In the US more than 30% of the
energy used in a building is consumed by the HVAC system (Buildings Energy Data
Book, 2009). The HVAC system accounts for a considerable amount of water
consumption in buildings. In addition, the ventilation aspect of this system determines the
indoor air quality in the built environment. Moreover, the mechanical parts used in an
HVAC system influence the total use of materials in a building. Since the HVAC system
in a building influences several sustainability indicators, selection of an appropriate
HVAC introduces a high impact sustainability decision problem in a construction project.
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After selection of Lee Hall Expansion and Renovation project as the case for
study and the HVAC system selection as the decision problem in this case, research
approaches discussed in the current chapter were applied to it to solve and analyze the
problem.

3.4. Identification of the Elements of the Decision Problem: Alternatives
Next, the various elements of the decision problem, necessary for applying the
decision making methods and solving the problem, were identified. The alternatives in
this decision problem are the options for the heating, ventilation and air conditioning
system in Lee III which have been identified by the designers based on several factors.
One of the most important factors influencing the choice of the HVAC system is the
physical specifications of the project, specifically the climate where the building is
located. The highest and lowest temperatures during the year, the frequency of the
extreme cases, wet and dry bulb temperature indicating the relative humidity of the
geographical location and the wind velocity are all climate-dependent conditions
affecting the design of the HVAC system. Other specifications include the orientation
and size of the building, the insulation and air-tightness of the construction, the glazing
type, the thermal mass of the building, the material type and the color used in the façade.
Based on the project specifications, the cooling, heating and ventilation load of
the system was determined, identifying the HVAC minimum capacity needed. Knowing
this requirement the designers identified the design options capable of meeting it. In
determining these alternatives, other factors such as ASHRAE and Clemson University
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requirements and stakeholder opinions, including those of the faculty and students of Lee
Hall, played a role.
Based on these factors, an energy model was developed by the mechanical, electrical and
plumbing (MEP) contractor, Talbot & Associates, identifying the design options as
follows.
1. ASHRAE 2004 Baseline
2. ASHREA 2007 Baseline
3. Chilled/Heated Slab Coupled with Campus Plants
4. Chilled/Heated Slab Coupled with Geothermal Well Field
5. Chilled/Heated Slab Coupled with Geothermal Well Field with Daylighting
6. Chilled/Heated Slab Coupled with Geothermal Well Field with Daylighting and
Natural Ventilation
A more detailed description of the alternatives is provided in Appendix A.
3.5. Decision Making Approaches
After the alternatives were identified, solving the decision problem included
applying the two method(s) to choose the optimal alternative. Since the purpose in this
study is to compare and analyze the descriptive versus the normative approach in
decisions involving sustainability considerations, two methods, one descriptive and one
normative, were applied to determine the solution. A description of these approaches
comes as follows:
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3.5.1. Stakeholders Opinions: Descriptive Approach
In this approach the designers and the owner select among the HVAC design
alternatives subjectively based on results from modeling and their priorities and decision
criteria. In this case the building physicist of the project, Transsolar Group, ran a
preliminary energy modeling, limiting the set of potential alternatives. Meetings
consisting of University faculty and students; Clemson Facilities, the owner’s
representative, and a Transsolar representative were held. Decisions from these meetings
narrowed down the options and specified more details for each. Next, a more detailed
HVAC system modeling was run by the MEP group, Talbot & Associates using TRACE
software. Based on the results from this second modeling and the decision criteria of each
group, a Chilled/Heated Slab Coupled with a Geothermal Well Field with Daylighting
and Natural Ventilation was decided for the HVAC system.
To determine the criteria considered in analyzing the final alternatives, the project
manager, the designer and the contractor were requested to provide a list of their
priorities. These respondents include:
1. Paul Borick, Project Manager for Clemson Facilities, the client.
2. Jeff Teddy, Project Manager for McMillan-Pazdan-Smith Architects, the
architect of record
3. Daniel Flora, Sustainable Engineering Department Manager at Talbot &
Associates, the mechanical, electrical and plumbing contractor.
3.5.2. MAUT Method: Normative Approach
In this section the second approach to solving the problem is explained in detail.
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3.5.2.1. Structuring the Decision Problem in the MAUT Format
To apply the MAUT method to solve the multi-objective decision problem, first
the problem needed to be structured in MAUT format. For this reason, the decision
problem was narrowed to its composing elements. These elements include the
alternatives, the criteria and the values indicating the performance of each alternative in
regard to each criterion.
 Decision Alternatives:
The decision alternatives in this approach are the same as in the prescriptive approach,
i.e. the six options selected by the designers form the set of choices.
 Criteria/Attributes:
The criteria for evaluating the alternatives were identified through reading the
current literature on sustainability indicators in civil infrastructure projects. Table 3.1
below summarizes the result of this literature review.
Table 3.1: Table Mapping of Sustainability Indicators to Project Phases
Adapted from Ugwu et al., 2005

Key Indicators
Economic
Direct Cost
Indirect Cost

Sub-categories

Project Phase
Design Construction Operation

Initial cost
Life cycle cost
Resettling cost of
people
Rehabilitating cost of
Ecosystem
Adverse impact on
tourism values
Employment of labor

×
×
×

×

×
×
×
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×
×

Decomm.

×

Key Indicators
Environmental
Land use

Sub-categories

Project Phase
Design Construction Operation

Extent of land
acquisition
Extent of tree felling
Extent of loss of
habitat

×
×
×

×
×

Connectivity with
hinterland
Water
Water reuse

Air

Noise

Ecology

Visual impact

Waste
management

Decomm.

×
Impact as to assessment under EIAO
×

Impact as to
assessment under
EIAO
Air outlet design
Ventilation design—
during construction
Ventilation design—
service stage
Impact as to
assessment under
EIAO
Design flexibility
towards noise
reduction measures
Impact as to
assessment under
EIAO
Reprovision of habitat
Impact as to
assessment under
EIAO
View from ACABAS
Harmony with
surrounding
Solid—Construction
material
Solid—Excavated
material

×

×

×
×

×
×

×

×

×

×

×

×

×

×

×

×

×
×

×

×
×
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×

×

×

×

×

×

Key Indicators

Societal
Cultural
heritage

Public access

Public
perception
Resource
utilization
Site access

Material
availability

Type
Constructability

Reusability

Quality
assurance

Sub-categories
Liquid waste—Toxic
Liquid waste—Nontoxic

Project Phase
Design Construction Operation
×
×
×
×

Extent of
encroachment upon
concerned areas
Footprint of project in
archaeological site
Complaints from local
parties/villages
Extent of diversion
Extent of blockage

Decomm.
×
×

×

×

×
×

Views from District
Councils
Fung Shui

×

×

×
×

×
×

×
×

×

×

Route(s) for waste
disposal
Route(s) for
construction traffic
Construction material

×

×

×

×

×

×

×

×

Those complementary
with the chosen
materials
Prefabricated material
Innovative material
Early Contractors’
involvement (ECI)
Early Suppliers’
involvement (ESI)
Reusability of moulds,
formwork, etc.
Scrap value after
decommissioning
Ease of quality control

×

×

×
×
×

×
×

×
×

×

×
×
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×
×

Key Indicators
Health and
Safety
Occupational

Public
Project
administration
Contract

Procurement
method

Sub-categories

Project Phase
Design Construction Operation

Decomm.

Short-term health (e.g.
spread of diseases,
cleanliness of site, etc.)

×

×

Long-term health (e.g.
respiratory duct
disease, permanent
deafness, etc.)
Safety
Health
Safety

×

×

×

×

×
×
×

×
×
×

×
×
×

×
×
×

Type of contract
Inclusion of
sustainability-related
clauses in project
specification (PS), e.g.
including partnering
charter
Amount of paperwork
Approach/Criterion
towards Contractors
Approach/Criterion
towards Suppliers

×
×

×
×

×

×

×

×

 Criteria Specific to the Project
Considering the type of the civil infrastructure under study, i.e. a new
commercial building; the specifications of the project; the potential impact of each
criterion on the final sustainability of the project; the ease/feasibility of measurement; and
the availability of data for them; the list of sustainability indicators was refined and the
attributes specific to the decision problem were chosen. In addition, a measurement
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method for each attribute was determined. These attributes and a description of these
indicators are listed in a hierarchical order below.
Environmental Criteria/Attributes:
 Energy Consumption: The annual energy consumption by each HVAC system
 Green House Gas Emissions: The amount of CO2 , SO2 and NOx emitted into
the air by each HVAC system due to energy consumption
 Water Consumption: annual water consumption of each system
 IAQ: The indoor air quality provided by each system measured based on the air
flow supplied by each HVAC option
Economic Criteria:
 Life Cycle Cost: Capital and operation cost
 Capital Cost: The initial cost of each system
 Operation Cost: The cost of utility and maintenance for each option
 Tax Revenues: The monetary saving due to tax credits
 Relative Net Present Value (RNPV): The current value of each system relative
to the one with the least net present value, which is assumed to be 0
Social Criteria:
 Increase in Productivity: The resulting increase in health, attendance rate and
professional and academic performance
 Health: Increase in productivity due to better health
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 Attendance: Increase in productivity (%) due to higher rates of attendance
 Performance: Increase in productivity due to improved student (academic),
faculty and staff (professional) performance
The attributes for this decision problem were grouped into the three categories of
environmental, economic and social, as they form the three dimensions/aspects of
sustainability. The environmental category consists of four attributes: energy
consumption, green house emissions, water consumption, and indoor air quality while the
social dimension of sustainability is less defined than the two other. Since this case is an
academic building on Clemson campus, student, faculty and staff productivity is seen as
the principal indicator. Table 3.2 shows these attributes.
 Values for Alternatives:
Once the alternatives were identified and the criteria selected, the value for each
alternative for each criterion was specified. This value was determined by studying the
project documents; the energy modeling results from the climate engineering company,
Transsolar, and from the MEP contracting company, Talbot and Associates; the
ASHRAE codes and standards; and the data and statistics available. Table 3.2 shows the
value of each criterion for each option, and Table 3.3 indicates the source for these values
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Table 3.2: Multi-attribute Decision Making Matrix for the Problem
Criteria
Environmental Criteria
Energy
106 Btu/yr
Consumption
GHG Emissions
CO2 109 lb/yr

SO2
NOx

Alt 1

Alt 2

Alt 3

Alt 4

Alt 5

Alt 6

1949

1805

1688

1147

915

890

522333

482932

452562

307497

245312

238504

106 g/yr

2662

2466

2307

1567

1250

1215

106 g/yr

811

751

702

476

381

370

4

45

19

20

19

19

0.58

0.725

0.82

0.37

0.34

0.34

1539080
56562

1674080
77689

1919080
68116

1976380
34169

1888980
27533

1824980
26963

841283

0

10115060

14371840

14419771

14359468

-

-

-

-

3.2
1.7

6.5
4.9

-

-

-

-

7.5
15

12.5
22.5

Water
1000 gals
Consumption
IAQ
Air Flow cfm/ ft 2
Economic Criteria
Life Cycle Cost
Capital Cost
$
Operation
$
Cost
Value
$
Change
RNPV
Social Criteria
Increase in Productivity
Health
%
Attendance
%
Performance
Professional
%
Academic
%
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Table 3.3: Source of Data for Determining Values of Attributes
Criteria
Environmental Criteria
Energy Consumption

Source for Value Determination
Trane's TRACE 700 results conducted by
the MEP contractor
Trane's TRACE 700 results
Trane's TRACE 700 results
Trane's TRACE 700 results

GHG Emissions
Water Consumption
IAQ
Economic Criteria
Life Cycle Cost

Project Economic Analysis and Cost
Estimate
Project Economic Analysis and Cost
Estimate
Project Economic Analysis and Cost
Estimate
Project Economic Analysis and Cost
Estimate

Capital Cost
Operation Cost
RNPV
Social Criteria
Increase in Productivity
Health
Attendance
Performance

*CBPD Research Results
CBPD Research Results
CBPD Research Results
CBPD Research Results

*CBPD: The Center for Building Performance and Diagnostics in the School of Architecture at
Carnegie Mellon University.

 Inputs for MAUT method
- Weight Matrix
To identify the weights indicating the importance of each criterion needed for the
MAUT method, Dr. Leidy Klotz, a sustainable design expert, compared the list of criteria
in relation to their impact on sustainability. As discussed previously, the weights of the
decision criteria are subjective pieces of information in the MAUT method. In the study,
a sustainability expert identified these weights since the study evaluates the sustainability
of decisions and therefore the stakeholders’ opinion would be biased in determining the
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impact of each criterion in the sustainability of the project. In addition, these weights can
change from one decision problem to the other or from one project to the other, which is
not the topic of this research. The results for the weights identified, are discussed in the
next chapter.
- Performance Matrix
To apply the MAUT method to a decision problem, the performance of the
alternatives in relation to each criterion is evaluated and compared. Although the values
associated with each alternative have been measured and summarized in Table 3.1, these
values cannot be used because the function quantifying the performance of each may not
be a linear one. For example, if one alternative generates as much green house emissions
as another, it does not necessarily mean that it performs twice as well as the second
alternative. To address this discrepancy, MAUT applies the concept of Single Utility
Function (SUF), a linear or exponential function that relates the objective values of a
criterion with its subjective desirability, called its utility. While the values for a certain
criterion vary between its minimum and maximum in a decision problem, the utility
associated with these varies between 0 and 1, with 1 indicating the highest utility or
desirability. For example to maximize the sustainability in a project, less cost is more
desirable. Hence, capital cost of $0 has a utility of 1.0 and as the cost increases, utility
decreases linearly or exponentially to reach 0. If the SUF is a linear one, two points and
their values are sufficient to identify the function. These two points are acquired from the
input of the decision maker and are the least and most preferred levels for an attribute. In
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other words, for each criterion, the decision maker identifies the most desirable level,
which has a utility equal to one, and the least desirable level with the utility equal to zero.
For example in this project, energy performance of zero has the single-attribute utility
value of one whereas the energy performance of 6000 MMBtu/yr is considered the least
preferred by the decision maker with a utility value of zero.
To form the exponential utility function, a third value, the level for an attribute
which has the utility value equal to 0.5, is needed. This approach is used in this study
since usually the criteria do not have the utility value of 0.5 at exactly the middle point
in their range of change. The equation below is the exponential function with three
constants (a, b, and c) determined by substituting the x and y values for the three points,
i.e. the minimum, maximum and the middle point.
U ( x)  a  b *exp(cx) ,

(6)

At this point the decision maker can choose to assess the SUF for each attribute
by entering the midpoint value associated with it. In this step of the methodology, the
single utility functions were formed by identifying the values for each criterion that relate
to the highest and lowest utility seen in Table 3.1, which information came from the
project information. The third point associated with a utility of 0.5 was subjectively
chosen based on the impact of each criterion on sustainability generally and specifically
on this project. Using this method and by developing the SUF’s, alternatives can be
compared to one another based on their utility in relation to each criterion.
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 Selection of the Software
After the decision problem was broken down into its components and the input
for the MAUT method was identified, the decision making software, Logical Decision,
was used to solve the decision problem.
Twelve pieces of software were studied including the MAUT specific ones,
Analytica, Hiview and Equity, to determine the one most suitable for the case under
investigation here. Logical Decision was chosen because of its compatibility with the
decision problem under study, its ease-of-use and the features it offers for applying the
MAUT method. Following the selection of the MAUT software, the decision problem
was structured in the software based on its format.
 Modeling the Problem in the Software
In this stage of the methodology, the decision problem was modeled in the
software using the following steps.
1. A decision problem in Logical Decisions can be shown in either a goals hierarchy or
matrix format. In the goals hierarchy format, this software groups variables into the two
categories of goals and measures as seen in Figure 3.2. Goals are those attributes being
evaluated using measures. As defined by the software, ―a goal is a set of measures and
other goals grouped for ranking. The goals form a hierarchy ranging from most to least
general. Each analysis must have at least one goal, initially called overall.‖ Decision
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analysis literature uses such synonyms as attributes, criteria, scales and others for
measures.
The overall goal here is the main objective of the decision problem, to find the
most sustainable alternative, making it the overall goal in the software. Environmental,
economic and social sustainability are other goals at lower levels of the hierarchy. The
criteria used in the decision problem are the measures needed by the software.
At this point, the HVAC selection decision problem was defined and structured in
the software environment, meaning the hierarchy previously determined was input into
the software. Figure 3.1 shows this structure, with the goals being shown in rectangles
and the measures in ovals. Each goal box is linked to the others as well as to the measures
forming it. In addition to its name, each measure consists of its unit of measure used in
the evaluation, e.g. MMBtu/year for energy performance, most and least preferred level,
and alternatives most and least preferred. These last four pieces of information come
from the matrix demonstration of the problem discussed later in this chapter.
2. In this step the alternatives of the decision problem are added. Table 3.4 shows the
decision problem in the matrix format, including the six design alternatives for the
HVAC system and the values for each of the attributes representing project information
and input from the decision makers. Once these inputs are entered into the matrix format,
the properties of each attribute are refined.
3. In the next step, the additional information for the decision problem is added. As Table
3.6 shows, this additional information includes the units used to evaluate the measures
and the most and the least preferred value for each attribute. For example, for the
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measure Energy Performance, the unit indicated is MMBtu/year and the most and least
preferred levels are 0 and 6000 MMBtu/yr. As these values suggest, in the best case the
HVAC system would consume zero energy; in the worst case scenario for the energy
performance of the HVAC system would be the one in which it consumes 6000
MMBtu/yr of energy. As can be observed from Table 3.5, the properties of the goals and
measures also include their types, their names, their ID’s, and their parental goals.
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Figure 3.1: Hierarchical Structure of the Decision Problem
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Table 3.4: Matrix Structure of the Decision Problem
Environment
Sustainability

Alt 1
Alt 2
Alt 3
Alt 4
Alt 5
Alt 6

Energy
Performance
1949
1805
1688
1147
915
890

Emissions

CO2

SO2

NOx

522,333
482,932
452,562
307,497
245,312
138,504

2662
2466
2307
1567
1250
1215

811
751
702
476
381
370

Water
Consumption
4
45
19
20
19
19

IAQ
0.58
0.725
0.82
0.37
0.34
0.34

Economic Sustainability
Alt 1
Alt 2
Alt 3
Alt 4
Alt 5
Alt 6

Capital Cost
1539080
1674080
1919080
1976380
1888980
1824980

Operating Cost
56562
77689
68116
34169
27533
26963

RNPV
841283
0
10115100
14371800
14419800
14359500

Health
3.2
6.5

Attendance
1.7
4.9

Performance
6.25
17.5

Social Sustainability
Alt 1
Alt 2
Alt 3
Alt 4
Alt 5
Alt 6

4. This step involves adding the last input to enable the software to calculate the SingleAttribute Utility values. The software computes single-attribute utility functions either
linearly or exponentially. In this case study, the single utility functions are not linear; as a
result, a third value is needed, i.e. the level for an attribute which has the utility value
equal to 0.5, to form the exponential utility function. Tables 3.5 and 3.6 show the inputs
for the utility functions and the values for the parameters. The utility values computed by
the software are shown and discussed in the next chapter.
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Table 3.5: Decision Goals and Measures.
Type

Name

ID

Parent

Units

Goal
Goal

Sustainability
Social
Sustainability
Productivity

1
1.2

Sustainability
Sustainability

Utility
Utility

1.2.4

Utility

Health
Attendance
Performance
Economic
RNVP

1.2.4.
1.2.4.
1.2.4.
1.3.
1.3.4

Social
Sustainability
Productivity
Productivity
Productivity
Sustainability
Economic
Sustainability
Economic
Sustainability
Life
Cycle
Cost
Life
Cycle
Cost
Sustainability
Environmental
Sustainability
Environmental
Sustainability
Environmental
Sustainability
GHG
Emissions
GHG
Emissions
GHG
Emissions
Environmental
Sustainability

Goal

Goal

Goal

Goal

Goal

Life
Cycle 1.3.5
Cost
Capital Cost
1.3.5.
Operating
Cost
Environmental
Sustainability
Energy
Performance
Indoor
Air
Quality
GHG
Emissions

1.3.5.

CO2

1.4.2.

SO2

1.4.2.

NOx

1.4.2.

Water
Consumption

1.4.5

1.4
1.4.1
1.4.4
1.4.2
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Most
Preferred

Least
Preferred

10
10
35

0
0
0

15000000

0

6.75184E10
4.87906E12

2500000

MMBtu/yr

0

6000

cfm

0.180864

0

Glb/yr

0

1600000

Mg/yr

0

800

Mg/y

0

2500

kgal

0

90

%
%
%
Utility
$
Utility
$
$

160000

Utility

Utility

Table 3.6: Inputs for Single-attribute Utility Functions
Measure name

Least
preferred
level
Environmental Measures
Energy
6000
Performance
1600000
CO2

Least
preferred
utility

Most
preferred
level

Most
preferred
utility

Midpreference
level

Midpreference
utility

0

0

1

2000

0.5

0

0

1

500000

0.5

SO2

8000

0

0

1

3000

0.5

NOx

2500

0

0

1

1000

0.5

0

0

1

20

0.5

0

0.18

1

0

0.5

0
0

0
0

1
1

1500000
8500

0.5
0.5

0

15000000

1

1000000

0.5

0
0
0

10
10
35

1
1
1

2
2
5

0.5
0.5
0.5

Water
90
Consumption
Indoor
Air 0
Quality
Economic Measures
Capital Cost
2500000
Operating
100000
Cost
RNPV
0
Social Measures
Health
0
Attendance
0
Performance
0
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Table 3.7: Values for SUF Parameters (a, b, and c)

Energy
Performance

CO2
SO2
NOx

Range
Minimum Maximum
0
6000

Midpoint
SUF Parameters
Level
Utility a
b
c
2000
0.5
-0.309
1.309
0.0002406

0

1.6E+06

5.0E+05

0.5

-0.2342

1.234

1.04E-06

0

8000

3000

0.5

-0.5431

1.543

0.0001305

0

2500

1000

0.5

-0.7841

1.784

0.0003289

90

20

0.5

-0.06002

1.06

0.0319

0.18

0

0.5

1

-1

195.5

2.5E+06

1.5E+06

0.5

1.784

0.7841
0.0107
-1
-1.039
-1.039
-1.008

-3.29E-07

Water
0
Consumption
Indoor
Air 0
Quality
Capital Cost
0

Operating
0
1.0E+05
8.5E+04 0.5
1.011
Cost
RNPV
0
1.5E+07
1.0E+06 0.5
1
Health
0
10
2
0.5
1.039
Attendance
0
10
2
0.5
1.039
Performance
0
34
5
0.5
1.008
SUF Parameters: if c=0. U(x)=a + bx, if c≠0, U(x)=a + b(Exp(-cx))

-4.55E-05
6.93E-07
0.3281
0.3281
0.137

5. Once the single-attribute utility values are determined, the weight of each attribute in
the decision problem is inputted to compute the multi-attribute utility value for each
alternative. These weights were determined by expert opinion.
6. The multi-attribute utilities were calculated for every goal, using the additive approach
as discussed previously. Once the MUF values were computed the decision problem was
solved and was ready for analysis. These multi-attribute utility values are shown and
interpreted in the next chapter.
7. The last step is to evaluate the validity of the values obtained against the changes
imposed on the decision problem or to consider the uncertainties in the decision problem.
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This analysis was achieved by conducting a sensitivity analysis. This type of analysis can
be conducted for any parameters that can be changed in the problem. For this case study,
a sensitivity analysis was conducted when the weight of an attribute, i.e. a goal or
measure changes. This analysis can be shown in Logical Decision either in a table or
graph format. For the case study reported here this analysis was conducted for the
measure energy performance at two weights of 8.2% and 16.3%. In this case, the changes
in the weight of the attribute are the independent variables and the changes in the utility,
the dependent variable. The results of this comparison are explained in Chapter Four.
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CHAPTER FOUR: RESULTS
In this chapter the results derived using the methods introduced in the previous
chapter are explained and analyzed. The first section, Results, reports the outcomes of the
study, where the second, Analysis, compares the results from the two research
approaches, interpreting them to reach conclusions. These conclusions are reported in the
next chapter.
4.1. Stakeholders’ Opinions: The Descriptive Approach
In the first approach to solve the decision problem of selecting the HVAC
selection system for Lee III, the three primary stakeholder’s having the largest impact on
the decision making process were asked to identify the criteria they considered when
deciding about the HVAC system and then to rank them based on their importance. Table
4.1 summarizes the results obtained. More detailed results provided by the respondents
are presented in Appendix B.
As this table shows Energy Efficiency referred to by the respondents as
heating/cooling of a zone without excess use of energy or efficient ventilation of the
spaces was the most important criterion considered by the decision makers. This criterion
was given a five, the highest level of importance on a scale from one to five, by the
architect of record, with the other two primary stakeholders ranking it similarly. of the
project. Maintainability was the second important criterion identified by the decision
makers. Defined as low maintenance or operation and maintenance without the need for
an excessive amount of training, cost and equipment by the respondents, it was given an
importance value of three by the designer.
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Table 4.1: Decision Making Criteria for the HVAC Selection Considered by the
Stakeholders

Criterion
Energy Efficiency
Maintainability
Life Cycle Cost
Size/Space
Efficiency
Noise Reduction
Educational
Advantages
Flexibility and
Control
CO2 Reduction
Indoor Air Quality
Aesthetics (visibility
of technical parts)
Cutting Edge
Technology
LEED Points
Special
Requirements

Jeff Tiddy
Architect of Record
×
×
×
×

Paul Borick
Clemson Facilities
×
×
×

×
×

×
×
×

Daniel Flora
MEP contractor
×
×
×
×

×

×
×
×
×
×
×

54

Table 4.2: Decision Making Criteria Importance in the Decision Problem by the
Stakeholders

Criterion
Energy Efficiency
Educational Advantages
Maintainability
Life Cycle Cost
Noise Reduction
Aesthetics
LEED Points
Flexibility and Control
CO2 Reduction
Indoor Air Quality
Size

Importance in the Decision Problem
Jeff Tiddy
Paul Borick
5
4
5
3
3
3
2
2
2
4
5
3
3
4
4
1

-

Moreover, Life Cycle Cost including initial/capital cost, operation cost and life
cycle payback also received a high ranking from the three decision makers. The initial
cost and the payback period were both given a level of importance of two by the
architects.
Other criteria ranked higher by two important stakeholder groups included
Educational Advantages, because Lee III was envisioned according to John Jacques from
McMillan-Pazdan-Smith architect firm ―as a building that teaches,‖ was ranked at an
importance level of five by the designers as well as being identifid as one of the priorities
by owner’s representative, Clemson Facilities. Others such as Noise Reduction and the
Size of the Mechanical Equipment e.g. the square footage needed for ducting, are
considered less important as indicated by their importance levels of two and one
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respectively. The last criterion indicated by one stakeholder was flexibility and control,
defined which is described as the system’s response to low load or high load conditions.
Five more criteria were identified by at least one of the decision making groups.
Both CO2 Reduction and Indoor Air Quality were given an importance level of four by
the design architects, and two criteria, Aesthetics and Special Requirements, were defined
as visibility of the mechanical equipment and special conditions e.g. extra bracing of the
structure due to heavier equipment or ticker slabs for installation of hydronic pipes,
respectively.
4.2. MAUT Method: Normative Approach
In this section the results from applying the MAUT method to the decision
problem are presented.
4.2.1. Weights of Goals and Measures in the Decision Problem
As discussed in previous chapter, various elements of the decision making
problem that served as the input for the MAUT method were identified and then entered
into the software. These include structuring the decision making problem in the software
format, identifying the values of the alternatives for each criterion, measures in the
Logical Decision, the single-attribute utility value parameters and the weight of criteria.
The latter was determined by Dr. Leidy Klotz. The weight of each criterion in the
decision problem are presented in Table 4.3 and 4.4.
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Table 4.3: Subjective Weights of Measures from Expert Opinion
Criterion
Environmental Criteria
Energy Consumption: HVAC + Lighting
Green House Gas Emissions
CO2

Weight
0.327
0.25
0.25
0.8
0.1

SO2
NOx

0.1

Water Consumption
Indoor Air Quality
Economic Criteria
Life Cycle Cost
Capital Cost
Operation Cost
Change in Value
Social Criteria
Increase in Productivity
Health
Attendance
Performance
Professional
Academic

0.25
0.25
0.277
0.57
0.5
0.5
0.43
0.396
1
0.5
0.3
0.2
0.5
0.5

Table 4.4: Percentage Weight and Effective Weight of Measures from the Software
Measure
Energy Performance
CO2

SO2
NOx
Water Consumption
Indoor Air Quality
Capital Cost
Operation Cost
Relative Net Present Value
Health
Attendance
Performance

Percentage
Weight
8.2
6.5
0.8
0.8
8.2
8.2
7.9
7.9
11.9
19.8
11.9
7.9
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4.2.2. Single-Attribute Utility Values
The first set of results obtained from the software was the single-attribute utility
values (SUV) for every measure, or criteria, in the decision problem. This value indicates
the desirability of the alternatives in relation to each measure, i.e. how well the
alternatives perform with regard to each criterion. These values are presented in Table
4.5.
Table 4.5: Single-attribute Utility Values for each Alternative Obtained from the
Software

Alt 1
Alt 2
Alt 3
Alt 4
Alt 5
Alt 6

Alt 1
Alt 2
Alt 3
Alt 4
Alt 5
Alt 6

Environmental
Sustainability
G

Energy
Performance
M

0.721
0.565
0.658
0.715
0.748
0.752

0.510
0.539
0.563
0.684
0.741
0.748

GHG

CO2

SO2

NOx

M

M

M

M

0.499
0.529
0.553
0.676
0.734
0.740

0.483
0.513
0.537
0.663
0.722
0.729

0.547
0.575
0.599
0.715
0.768
0.774

0.582
0.610
0.632
0.741
0.790
0.796

Water
IAQ
Consumption
M
M
0.873
0.192
0.518
0.500
0.518
0.518

Economic
Sustainability

Life Cycle
Cost

Capital Cost

Operational
Cost

G

G

M

M

Relative Net
Present
Value
M

0.576
0.305
0.738
0.784
0.807
0.816

0.677
0.534
0.542
0.621
0.662
0.678

0.483
0.424
0.310
0.282
0.325
0.355

0.871
0.645
0.774
0.960
1.000
1.000

0.442
0.000
0.999
1.000
1.000
1.000
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1.000
1.000
1.000
1.000
1.000
1.000

Alt 1
Alt 2
Alt 3
Alt 4
Alt 5
Alt 6

Social
Sustainability
G

Health

Attendance

Performance

M

M

M

0.000
0.000
0.000
0.000
0.662
0.891

0.000
0.000
0.000
0.000
0.687
0.916

0.000
0.000
0.000
0.000
0.675
0.831

0.000
0.000
0.000
0.000
0.580
0.917

*G: Goal, **M: Measure, ***Alt: Alternative

4.2.3. Multi-Attribute Utility Values
The second set of results obtained from the software consisted of the multiattribute utility values. In the MAUT method, the single-attribute utility values and the
weight of measures in the decision problem, enables the multi-attribute utility value for
each alternative to be quantified. This final result of the decision problem indicates the
desirability of each alternative. MUV’s range from 0 to 1, with the alternative with the
highest utility being the most sustainable option, the one the decision maker should
select. Table 4.6, Figure 4.1 and Figure 4.2 present these values.
Table 4.6: Multi-attribute Utility Value for each Alternative

Alternative 1
Alternative 2
Alternative 3
Alternative 4
Alternative 5
Alternative 6

Environmental
Sustainability
0.721
0.565
0.658
0.715
0.748
0.752

Economic
Sustainability
0.576
0.305
0.738
0.784
0.807
0.816
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Social
Sustainability
0
0
0
0
0.662
0.891

Overall
Sustainability
0.395
0.269
0.420
0.451
0.730
0.824

Alternative 6
Alternative 5
Alternative 4
Alternative 3
Alternative 2
Alternative 1
0

0.1

0.2

Environmental Sustainability

0.3

0.4

0.5

Economic Sustainability

0.6

0.7

0.8

Social Sustainability

Figure 4.1: Multi-attribute Utility Value for each Alternative Obtained from the
Software
Table 4.6 shows the MAUT values for the environmental, economic and social
sustainability goals. In addition, it integrates these values to determine the values for the
primary goal of the decision problem i.e. the overall sustainability. These results are also
presented in Figure 4.1 and 4.2 as output from the software. In Figure 4.1 where the bar
indicates the share of each type of sustainability in the overall sustainability of each
alternative i.e. the MUV of that alternative. Figure 4.2 shows how each type of
sustainability changes for each of the 6 alternatives to reach the utility value indicating
the overall sustainability of the alternatives. As it can be observed from the table and the
figures, Alternative 6, the Chilled/Heated Slab Coupled with Geothermal Well Field with
Daylighting and Natural Ventilation, has the highest utility at 0.824. Alternative 5 ranks
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0.9

second with a MUV of 0.730. The remaining four alternatives have significant difference
s in their utility values.
1
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0
Overall

Environmental

Economic

Alternative 6

Alternative 5

Alternative 4

Alternative 3

Alternative 2

Alternative 1

Social

Figure 4.2: Multi-attribute Utility Value of each Alternative in each Category
4.2.4. Sensitivity Analysis
After the decision problem was solved using the MAUT method, the last step was
to evaluate the consistency of the values obtained against the changes imposed on the
decision problem i.e. to consider the uncertainties in the decision problem, by conducting
a sensitivity analysis. Sensitivity analysis can be conducted for any parameter that can be
changed in the problem. In this problem for each attribute (goal or measure) the
sensitivity analysis was conducted when their weight in the multi-utility function is
changed. This analysis can be shown in the Logical Decision both in table and graph
formats. The sensitivity analysis for the measure, Energy Performance, when its weight
in the decision problem changes from 8.2% to 16.3% is shown. In this case, the changes
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in the weight of the attribute are the independent variable and the changes in the utility,
the dependent variable. The results from this comparison are explained in Chapter Five.
Table 4.7: MUV Results for Energy Performance Percentage Weight = 8.2%
Overall Sustainability
Alternative 1
0.269
Alternative 2
0.395
Alternative 3
0.420
Alternative 4
0.451
Alternative 5
0.730
Alternative 6
0.824
Table 4.8: MUV Results for Energy Performance Percentage Weight = 16.3%
Overall Sustainability
0.293
0.405
0.432
0.471
0.731
0.818

Alternative 1
Alternative 2
Alternative 3
Alternative 4
Alternative 5
Alternative 6

Alternative 1
Alternative 2
Alternative 3
Alternative 4
Alternative 5
Alternative 6

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

Multi-Attribute Utility Values
Figure 4.3: MUV Results for Energy Performance Percentage Weight = 8.2%
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0.8

0.9

Multi-Attribute Utility Values
Alternative 1
Alternative 2
Alternative 3
Alternative 4
Alternative 5
Alternative 6
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

Multi-Attribute Utility Values
Figure 4.4: MUV Results for Energy Performance Percentage Weight = 16.3%
Figure 4.5 also shows the results for the sensitivity analysis of the measure,
Energy Performance, in a more general format. The horizontal axis shows the change in
the weight percentage of the measure from 0 to 100% for each of the six alternatives
while the vertical axis shows the MUV for each alternative associated with the weight
percentage.
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0.9

Multi-attribute Utility Value of
Alternatives

1.0
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0.5
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Alternative 1

Alternative 2
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Alternative 4

Alternative 5

Alternative 6

Figure 4.5: Sensitivity Analysis for Energy Performance
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CHPATER FIVE: ANALYSIS
In the previous chapter, the results from applying two methods to solve the
decision problem, descriptive and normative were presented. In this chapter, these results
are analyzed and interpreted.
5.1. Stakeholders’ Opinion: Descriptive Approach
The results for the stakeholders’ opinions including the owner’s representative,
Clemson Facilities; the architect of record, Mcmillan-Pazdan-Smith Group Architects;
and the mechanical contractor, Talbot and Associates, were summarized in Table 4.1 and
4.2 in the Results Chapter. According to these results, the three criteria, Energy
Efficiency, Educational Advantages and Noise Reduction were identified as very
important, given a level of importance of either 5 or 4 by both the owner’s representative
and the architect. In addition, these three criteria were also considered during the decision
making by the mechanical contractor. The two other decision criteria, Life Cycle Cost
and Maintainability, were considered less important by both decision makers, as
indicated by a level of importance of either 2 or 3. These results indicate that the decision
makers considered all three dimensions of sustainability during their decision making
process. Additionally, environmental sustainability considerations i.e. Energy Efficiency
and social sustainability indicators such as Noise Reduction and Educational Advantages
were considered to be more important for the decision making stakeholders than the
economic criterion of Life Cycle Cost. This result supports the decision that Chilled
Ceilings with Displacement Ventilation Radiant Floor Heating Coupled with Geothermal
Well Field with Daylighting and Natural Ventilation was selected as the HVAC system
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for the project. As will be discussed later, this alternative is a sustainable option
environmentally, socially and economically if the tax refunds are taken into
consideration.
Another interesting result seen in Table 4.1 and Table 4.2 is that two very
important criteria mentioned by the owner’s representative, aesthetics and cutting edge
technology, both having an importance of 5 for him in addition to the criterion, LEED
points, with an importance of 3, were not listed as decision making criteria by the
designer. This is significant since the choice of the HVAC system directly influences the
number of LEED points that the project can gain and the novelty of the technology used
in the system.
Two other criteria, CO2 Reduction and Indoor Air Quality were given an
importance level of 4 by the designer but were not listed as the decision making criteria
by the owner’s representative. However, both the designer’s and the owner’s
commitment to enhancing energy performance automatically results in GHG reduction.
Thus it was indirectly considered by the owner. Indoor Air Quality is an environmental
and a social sustainability criterion not listed by the designer.
Over all, it can be concluded based on the interviews with the primary decision
makers that many of the criteria they mentioned were the ones identified reviewing the
current literature for the MAUT method. This result is not specific to this project. In most
of civil infrastructure projects, the decision making criteria considered in the design
phase of the project can be found in the related literature. In addition, the designer and
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the owner agreed on the main criteria. However, since a complete consensus was not
realized between these two groups, a technique for bringing the expectations of these
groups closer together is needed.
5.2. MAUT Method: Normative Approach
The outputs from applying the MAUT method to the decision problem under
study were presented in the tables and figures in the Result Section. The first set of
outputs obtained from the software, consisting of the single-utility values for the
alternatives, was presented in Table 4.5.
As this table indicates, for all the environmental sustainability measures except
water consumption, the utility increases from Alternative 1 through 6, meaning
Alternative 6 is the most sustainable option in this case.
However, the same pattern is not observed among the economic sustainability
measures. In cases similar to the one reported here where there is a conflict among
objectives, multi-criteria decision making can be applied. In MCDM methods like
MAUT, decision makers can evaluate conflicting criteria in relation to the alternatives a
holistic perspective. As can be seen in Table 4.4, Alternatives 5 and 6 have the highest
economic sustainability although they don’t have the lowest capital cost. In many
construction projects, the option with the higher initial cost has lower operation costs,
making it more economically sustainable in the long-term. In addition, tax revenues are
influential in determining the final capital cost. In the case investigated here the tax
revenues included in the capital costs made the alternatives with the higher initial costs,
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for example Alternatives 4, 5 and 6, comparable to others in terms of their singleattribute utility value. In fact, this technique makes construction projects more
economically sustainable in addition to increasing the overall sustainability. Furthermore,
inclusion of the relative net present value, accounting for the current value of the system
if discarded today, provides a more complete economic analysis of each alternative in the
multi-criteria values.
The third part of Table 4.4 shows the social measures of sustainability. It can be
easily observed that except for alternatives 5 and 6 that account for an increase in
productivity of the users due to integration of natural ventilation and daylighting in their
HVAC system design, other alternatives show a utility of zero in their SUV’s for the
social measures since the only social indicator considered in the case reported here was
the productivity of the users.
The next set of results presented in Table 4.6 integrates environmental, economic
and social sustainability utility value to form one MUV for each alternative. As can be
seen from Table 4.6, Alternative 6 still has the highest multi-criteria utility value for
overall sustainability, including all the measures taken into consideration in this study. In
particular two points merit attention:
1. The weighting system identifying the importance of each measure/goal in the decision
problem is subjective and can differ from case to case.
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2. Based on the opinions of the experts in this study, the final MUV’s show that
Alternative 6, an environmentally sustainable option, also has the highest utility in terms
of economic and social sustainability.
Figures 4.1 and 4.2 show the same results in another format. As can be observed
the factors indicating a significant difference between Alternatives 5 and 6 and the other
alternatives form the social measures of sustainability. Increase in productivity can also
be quantitatively measured as a monetary benefit and added to the economic dimension
of sustainability.
5.3. Sensitivity Analysis
The last three figures, Figures 4.3, 4.4 and 4.5, show the results from the
sensitivity analysis run to find a range for which the results remain valid. Figures 4.3 and
4.4 show the change in MUV’s when the weight of the measure, energy performance,
changes from 8.2% to 16.3%. The results indicate that the general pattern remains the
same, with Alternative 6 remaining the most rational option. Figure 4.5 shows the results
in a more general format, each line indicating the MUV changes as the weight of the
measure, energy performance changes from 0 to 100%. Overall, Alternatives 5 and 6
remain the most sustainable options. However, the more important energy performance
becomes in the decision problem, the utility values for Alternatives 1 to 4 increase
whereas they decrease for Alternatives 5 and 6. Similar analyses can be conducted for
other measures or goals in the decision problem to identify the range in which the results
are valid. The primary advantage of a sensitivity analysis is to identify changes to
parameters that change the results in the problem.
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CHAPTER SIX: CONCLUSIONS
This chapter analyzes the results from Chapter Four and finds logical
interpretations for the observations. In addition to conclusions from the results, it
identifies the implications and limitations of the study, the path for future research based
on the outcomes from this study.
6.1. Summary:
In the planning phase of construction projects, decision makers face several
decision problems that can affect the sustainability of the resulting civil infrastructure.
Systematic approaches to decision making that help them investigate the impact of their
decisions in terms of environmental, economic and social sustainability can lead to more
sustainable choices and subsequently more sustainable infrastructures.
The goal of this study was to apply the decision making method, Multi-Attribute
Utility Theory, to a high impact decision problem and compare the results from this
systematic approach to the subjective opinions of the decision makers. The analysis of the
results leads to the following conclusions:
 Currently, various tools are used to improve US civil infrastructure construction
projects in terms of environmental, economic and social sustainability, including
rating systems, energy modeling software, life cycle assessment tools, economic
analysis methods and social impact assessment techniques. These tools, although
useful and in many cases necessary for achieving the sustainability goals of the
project, work independently and hence do not provide the decision maker(s) with
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a holistic view of all the dimensions of sustainability. Rating systems such as
LEED although take different aspects of sustainability into consideration, provide
guidelines for design but do not reflect the interaction of these aspects and how
they affect the overall sustainability of the project.
 Among the multi-attribute decision making methods, MAUT is a useful tool to
apply to decision making problems in civil infrastructure construction projects
with an emphasis on sustainability because of the following properties:
- MAUT quantifies a decision problem and accounts for environmental,
economic and social dimensions of sustainability simultaneously. In other
words, it is effective for giving the decision makers a systems approach to
the decision problem. While it can be applied to a single decision problem
in a project as in the study presented here, it is also applicable to a number
of interacting decision problems, giving the decision maker(s) a holistic
perspective.
- It assesses multiple, conflicting objectives in the decision problem. In
addition, this method integrates the objective information specific to the
case or problem along with the subjective opinion of the decision makers.
- Unlike many other multi-criteria decision making methods, MAUT
allows the decision maker to involve different levels of uncertainty in the
decision problem. In this study, the numbers were either directly
calculated from the project information or added subjectively, thus
uncertainty was not one of the considerations of the technique. However,
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based on the level of uncertainty that the decision makers see for the
problem, a more probabilistic approach in the weight system of the
attributes can be followed.
- Application of this method using appropriate software allows the
decision makers to see the changes in the decision problem and results
each time the value for a parameter changes in the decision problem.
Sensitivity analysis can also be conducted to identify a range for the
validity of the answer to the decision problem.
 Analyzing the results from the application of MAUT to the HVAC system
selection for the Lee Hall Expansion and Renovation project indicated that:
- The social aspect of sustainability is the most influential dimension
separating the alternatives. This result is valid for similar cases, especially
commercial buildings where financial concerns are not the major issue and
the project is intended to have multiple users during its life cycle.
- Different stakeholders in the project, the project manager; the architect
in record; and the mechanical, electrical and plumbing contractor in this
case, despite suggesting similar priorities in their assessment of the
sustainability of their choices indicated a different level of importance for
the sustainability criteria they chose. Determining the criteria in MAUT
format and quantifying them based on the importance given by the
decision makers defines the decision problem and its components in a
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uniform format. This structure for the decision problem allows for better
inputting of the objective and subjective information.
- In many cases improving the social aspect of sustainability in the project
does not require a significantly higher initial cost. Thus, in the overall
analysis of the project, the more sustainable option can be the more
economically sustainable alternative. In this case study, use of natural
ventilation and daylighting advances the sustainability of the alternative in
which these features were used. The alternative having these two features,
Dedicated Outdoor Air Systems (DOAS) and the smart system for
measuring the intensity of lighting indoors, had high SUV’s for initial and
operation costs after the inclusion of tax credits.
6.2. Implications
The implications of the results and their analysis are discussed below.
6.2.1. Integration of Systems Thinking in Decision Problem During the Planning of
Construction Projects
Currently, the decision makers do not consider decision questions in construction
projects as problems to be solved in a uniform and systematic way in terms of
sustainability. The environmental, economic and social aspects of the decision problem
are assessed separately. Moreover, the environmental aspect of the decision is evaluated
quantitatively by using analysis tools such as energy modeling in software such as Trace.
Each part of the quantitative evaluation is calculated in the decision problem separately,
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and not in relation to other considerations. Thus, the decision problem, despite being a
multiple criteria one, is not solved for the various criteria simultaneously. The aim of this
study was not to solve a decision problem in a construction project using a multi-criteria
decision making method but to apply this method by analyzing and investigating the
decision question to determine the points to impose changes to the decision system. A
more systematic method for the social evaluation of not only the project but also decision
problems in it is needed in the construction industry.
6.2.2. Qualitative Versus Quantitative Input, Objective Versus Subjective
This case study involved the application of the MAUT method to decision analysis
in sustainable construction projects. However, all the inputs to this method can come
from more objective data that model the problem at a more precise level. Also unlike
many other multi-criteria decision making methods, MAUT allows the decision maker to
involve different levels of uncertainty in the decision problem. In this study, the numbers
were either directly calculated from project information or added subjectively; thus,
uncertainty was not considered. However, based on the level of uncertainty that the
decision makers see in the problem, a more probabilistic approach in weighting the
attributes can be employed.
6.2.3. Incentives
Although the decision makers’ awareness about and commitment to sustainability
plays a key role in decisions made in the upfront planning stage of construction projects,
financial incentives that impact the initial costs of the alternatives can also be a useful
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tool for encouraging sustainable choices with higher capital costs. Federal and state tax
incentives are among these incentives. The Federal Incentive for Renewables and
Efficiency including the Renewable Electricity Production Tax Credit (PTC) and the
Energy-Efficient Commercial Buildings Tax Deduction are two of these policies. The
Energy-Efficient Commercial Buildings Tax Deduction established in 2005 offers a tax
deduction of up to $1.80 per square foot to owners of commercial buildings who reduce
their energy cost to 50% less than the minimum requirements by ASHRAE Standard
90.1-2001 by installing appropriate interior lighting, a building envelope, and heating,
cooling, ventilation or hot water systems. This act is valid through 2013 (DSIRE, 2011).
PTC provides another federal tax credit for electricity produced from renewable
resources and sold to an unrelated person. This act, which applies to the most types of
renewables and will be valid until 2013, offers a credit amount of 2.2¢/kWh for
electricity generated from wind, biomass, geothermal energy, landfill gas, municipal solid
waste hydroelectric and hydrokinetic sources. The case investigated here qualified for an
Energy-Efficient Commercial Buildings Tax Deduction (DSIRE, 2011).
In addition to federal tax credits, each state has its own Incentives/Policies for
Renewables and Efficiency. In South Carolina, The Palmetto Clean Energy (PaCE)
program was initially created in 2007 by the South Carolina Energy Office and the South
Carolina Office of Regulatory Staff in collaboration with Duke Energy, Progress Energy
and South Carolina Electric & Gas Company. Its purpose is to support green power use in
South Carolina. Customers participating in this program get paid for their grid-tied
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electricity generated by solar, wind, biomass, geothermal, and hydropower systems.
PaCE is funded by utility customers who voluntarily pay an additional amount on their
electricity bills (DSIRE, 2011).
Financial incentives like these have an impact on the economic sustainability of
the alternatives by reducing their net initial cost of the alternatives with a higher
environmental sustainability. However, in many cases one type of tax credit prevents the
stakeholders from benefiting from other types offered. In other words, the participant has
to choose among the tax credits for which the project is eligible and apply instead of
being able to accumulate points. Thus, tax credits are more appropriate for renovation
projects compared to construction projects.
6.3. Limitations
Below are the limitations of the research represented here.
 Case study: This research is based on a single case study. Despite the attempt
to select this case in a way that is most appropriate for the objectives of this study,
it is still only one case with all its limitations. Investigating more cases would
allow for more conclusive results and analyses.
 Data collection: In the first approach to solve the decision problem, three
primary decision makers, the project manager, the design company and the MEP
contractor, were contacted. In addition to asking the respondents about the criteria
they took into consideration during their decision making, a closer investigation
of how the decision for HVAC system selection was reached would add more
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details to the descriptive approach to problem solving. In the second approach,
asking for more expert opinions to weight the goals and measures in the decision
problem and for the values to calibrate the utility functions would provide for
more accurate results. Moreover, comparing the sustainability indicators with
those from the literature and the project specifications of expert opinions would
be beneficial.
6.4. Future Research
The results from this study suggest potential future research, extending
application to promote sustainability in civil infrastructure construction projects.
6.4.1. Quantifying the qualitative side
One of the outcomes of this research is the application of the MAUT method to
quantify the sustainability indicators that are usually determined qualitatively in decision
problems. Social measures are good examples. Future research is needed to focus on
refining the list of major goals and measures to improve the indicators of the
sustainability of the alternatives. Specifically, the qualitative side of the decision problem
into consideration is an objective that needs future research.
6.4.2. An interactive system of decision problems
A second potential area for future research is extending the application of the
MAUT method to a more complicated system of decision problems. In this research a
single decision problem, i.e. the HVAC system selection, was chosen. However, MAUT
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can be applied to a system of interactive decisions like choosing the LEED points that the
projects aims to obtain in the energy and atmosphere section. In addition to the HVAC
system selection, other decisions such as insulation, orientation of the building, window
type, construction materials, passive heating and cooling strategies and many other need
to be made. MAUT could be used to systematically structure a combination of these
decisions and find the most sustainable approach.
6.4.3. Incentives
In some cases in construction projects, although known to the decision makers the
more sustainable option are not chosen due to financial considerations. Financial
incentives such as tax credits are one way to encourage project undertakers to choose
sustainable options in the long-term despite their potentially higher capital costs. More
research is needed to find ways to influence decision makers to implement decisions with
a high impact on the sustainability of the resulting infrastructure.
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APPENDIX A: TECHNICAL SPECIFIATIONS OF DESIGN ALTERNATIVES
Design Alternatives for the HVAC system in Lee III
1. ASHRAE 90.1-2004 (ASHRAE 2004 Baseline)
This option that meets ASHRAE’s 2004 standards for HVAC is composed of the
following components:
a. Constant Volume Variable Temperature Packaged Rooftop DX
b. 75% Efficient ASHRAE 90.1-2004 Gas Fired Boiler
c. 9.5 EER Cooling Plant
d. ASHRAE 62.1-2004/2007 with Ventilation Reset and People Averaging
In this all-air system, a gas boiler with 75% efficiency and a cooling plant with an
energy efficiency of 9.5 are the heating and cooling sources, respectively. Hot
water or steam from the boiler and chilled water from the cooling tower enter the
packaged air handling system on the roof where fresh air from the outside is
heated/cooled and humidified/dehumidified and then driven toward the zones
through the ductwork.
A master thermostat regulates the temperature of the rooms by controlling the
heating/cooling coils. The return ductwork then discharges the exhaust air outside
the building. The ventilation system does not allow individual control by all users.
2. ASHRAE 90.1-2007 (ASHREA 2007 Baseline)
a. VAV Packaged Rooftop DX with Terminal Reheat Boxes (30% min flow): air
conditioning/heating
b. 75% Efficient ASHRAE 90.1-2007 Gas Fired Boiler: heating
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c. 9.5 EER Cooling Plant: cooling
d. ASHRAE 62.1-2004/2007 with Ventilation Reset and People Averaging:
ventilation
e. Enthalpy Based Airside Economizer
In this system as in Alternative One, conditioned air, heated/cooled by hot water
or steam/chilled water from the boiler/cooling tower, is transported through
supply duct work into the zones. However, in this system before the diffusers,
where conditioned air is discharged into the zone, a VAV terminal is installed
where a thermostat controls the room temperature by regulating the air volume
discharged into the zone. In addition, in this system before the conditioned air
enters the local ductwork for each zone, it passes through terminal reheat boxes
where it is reheated by a reheat coil. A local thermostat closely controls the
temperature of the zone by controlling the flow of water or electricity through the
reheat coil. Return duct work then releases the exhausted air into the outside air.
As in Alternative One, the ventilation system complies with ASHRAE 62.12004/2007 standards.
Airside economizer is basically a heat exchanger which saves energy in buildings
by using cool outside air as a means of cooling the indoor space. When the
enthalpy of the outside air is below that of the enthalpy of the recirculated air,
conditioning the outside air is more energy efficient than conditioning recirculated
air.
3. Chilled/Heated Slab Coupled with Campus Plants
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a. Chilled Ceilings with Displacement Ventilation Radiant Floor Heating
Chilled ceilings.
b. Outdoor Air unit with Total and Sensible wheel with bypass
c. VAV Office/Seminar Air Handler with Enthalpy Economizer
d. ASHRAE 62.1-2004/2007 with Ventilation Reset and People Averaging
Coupled with South Plant of Clemson Campus
0.75 kW/ton VFD Cooling Towers
82% Efficient Gas Fired Steam Boilers
In this all-water system, water is heated/cooled in the campus plant and not at the
building. Hot/cold water running in the pipes embedded in the slabs accounts for
heating/cooling the zone through radiation. In the displacement ventilation
system, outlets are located near the floor to minimize induction and mixing
reducing the volume of air that needs ventilation. For office/seminar room that
needs better IAQ and ventilation a VAV air handler is installed as previously
described in alternative 2. The sensible wheel is a heat exchanger that uses the
heat from the exhausted air to save energy in heating up the fresh air from
outside.
4. Chilled/Heated Slab Coupled with Geothermal Well Field
a. Chilled Ceilings with Displacement Ventilation Radiant Floor Heating
b. Outdoor Air Unit with Total and Sensible Wheel with bypass
c. VAV Office/Seminar Air Handler with Enthalpy Economizer
d. ASHRAE 62.1-2004/2007 with Ventilation Reset and People Averaging
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e. Constant Ground Loop Temperature, 120gpm Flow (geo well)
f. Heat Recovery Chillers Parallel Coupled 4.5 COP, 20+EER
This system is similar to Alternative Three, except that the heating/cooling has a
geothermal source using a heat pump for this purpose.
5. Chilled/Heated Slab Coupled with Geothermal Well Field W/Daylighting
a. Chilled Ceilings with Displacement Ventilation Radiant Floor Heating
b. Outdoor Air Unit with Total and Sensible Wheel with Bypass
c. VAV Office/Seminar Air Handler with Enthalpy Economizer
d. ASHRAE 62.1-2004/2007 with Ventilation Reset and People Averaging
e. Constant Ground Loop Temperature, 120gpm Flow (geo well)
f. Heat Recovery Chillers Parallel Coupled 4.5 COP, 20+EER
g. Trace Daylighting Module used to reduce Lighting Loads
This system is similar to Alternative Four, the only difference being the
daylighting module. In this variant a daylight control is added to the electric
lighting system. In this control system the electric lights switch off if outdoor light
levels are higher than 15,000 lux (150 W/m^2) but will switch back on when light
levels go under 10,000 lux (100 W/m^2).
Trace: the energy modeling software used by the PEM designers in this project.
6. Chilled/Heated Slab Coupled with Geothermal Well Field W/Daylighting
and Natural Ventilation
a. Chilled Ceilings with Displacement Ventilation Radiant Floor Heating
b. Outdoor Air Unit with Total and Sensible Wheel with Bypass
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c. VAV Office/Seminar Air Handler with Enthalpy Economizer
d. ASHRAE 62.1-2004/2007 with Ventilation Reset and People Averaging
e. Constant Ground Loop Temperature, 120gpm Flow (geo well)
f. Heat Recovery Chillers Parallel Coupled 4.5 COP, 20+EER
g. Trace Daylighting Module Used to Reduce Lighting Loads
h. Natural Ventilation Modeled in Shoulder Months
This system functions the same as Alternative Five but uses natural ventilation to
reduce the mechanical ventilation load.
Shoulder months are months that are technically not heat-, nor cooling-driven
months. Yet, they can cause demand for either heating or cooling or both in the
same month. April, May, September, and October are considered shoulder
months.
In this control system the windows will open to a varying degree when the inside
temperature goes above 73F to allow outdoor airflow and more ventilation
depending on outdoor temperature (below 77F and above 50F), humidity (dew
point below 60F) and other conditions including rain and wind (project manual:
project summaries).
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APPENDIX B: DECISION CRITERIA IDENTIFIED BY THE RESPONDENTS

Questions:
1.

Please list 10 criteria that you took into consideration when selecting the

HVAC system for the Lee Expansion and Renovation Project.
2.

Please identify those criteria with numbers from 1 to 5 based on their

importance in the decision making process, with 1 indicating the least and 5 the
most important.

Answers:
Paul Borick – Clemson Facilities
Project Manager and Clemson University Representative
Criterion
Visibility (Not seeing mechanical parts)
Cost
Efficiency
Cutting-Edge Technology
Teaching Opportunity
Payback
LEED Points
Control/Zoning
Low Maintenance
Noise Reduction

Level of Importance
5
2
4
5
3
2
3
3
3
4
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Jeff Tiddy – Mcmillan-Pazdan-Smith Group Architects
Architecture Designer
Criterion
Energy Efficiency
Maintainability
CO2 Reduction
Educational Advantages
teaches)
Life Cycle Payback
Initial Cost
Size
Noise/Acoustics
Indoor Air Quality

(a

system

Level of Importance
5
3
4
that 5
2
2
1
2
4

Daniel Flora–Tabot & Associates
Mechanical Contractor and the HVAC Designer
When I joined Talbot and Associates, the design phase of the LEE III project had
long been completed and the construction documents were being finalized. I performed
an energy analysis for the facility for the sole purpose of showing the owner and
architects the end use energy consumption of the systems that were already designed and
how they compared to the baseline system per ASHRAE 90.1-2007. These data would
eventually be submitted to the USGBC for the energy and atmosphere credits of
theLEED NC rating system. I was not a part of the system selection for this project, but
in general for ―green‖ or ―sustainable‖ buildings the following items should be discussed
in the equipment selection process:


Is the equipment user friendly? Does it require excessive maintenance, is it

unfamiliar to the operators, will it require extra training or added expenses for
maintenance or specialty tools to maintain?
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Do the systems have the availability to provide ―Free Cooling‖? This can

be in the form of air side economizers, heat recovery wheels, etc.


How will the system respond in a low load condition? Will the system

provide heating and cooling to the spaces or zones that are requiring conditioning
without using excessive amounts of energy to heat the other spaces that might not
require conditioning at that time?


Will the systems effectively and efficiently provide clean air to the

spaces? Do the systems provide extra amounts of outside air without requiring
more energy to condition that air?


Do the systems provide innovative ways to supply conditioned air or

conditioning in general to the spaces that will decrease the amount of space
needed to route the duct, thus reducing the materials, and providing more square
footage for occupied spaces or in some cases sellable square footage?


How efficient is the equipment? Does it comply with the requirments of

ASHRAE 90.1?


Life Cycle Cost!!!! Will the equipment required to reduce energy need to

be replaced more often that other systems that might only be marginally less
efficient but last longer? Capital Cost is always at the forefront of this
conversation, but in general people that want to be sustainable, eco-friendly or
energy efficient know that to reduce energy cost, they must overlook the upfront
cost of the special equipment needed to save them money in the long run. But
don’t ever let anyone tell you that money is not an issue, it always is!!

87



What special conditions will be required to accommodate this system?

Will the architect need to provide a louver 5 times the normal louver size for a
similar system? Will the equipment need to be centrally located in the building
footprint, disturbing the architect’s flow of people through the spaces. Will the
structural engineer need to provide extra bracing for larger/heavier equipment or
thicker slab floors to accommodate radiant piping? Will extra time money and
efforts need to go into extra coordination between all disciplines to provide the
owner with an energy efficient building?
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